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ABSTRACT
The narrow-line Seyfert 1 galaxy SBS 0846+513 was first detected by the Large Area
Telescope (LAT) on-board Fermi in 2011 June–July when it underwent a period of
flaring activity. Since then, as Fermi continues to accumulate data on this source, its
flux has been monitored on a daily basis. Two further γ-ray flaring episodes from
SBS 0846+513 were observed in 2012 May and August, reaching a daily peak flux
integrated above 100MeV of (50±12)×10−8 ph cm−2 s−1, and (73±14)×10−8 ph cm−2
s−1 on May 24 and August 7, respectively. Three outbursts were detected at 15 GHz
by the Owens Valley Radio Observatory 40-m telescope in 2012 May, 2012 October,
and 2013 January, suggesting a complex connection with the γ-ray activity. The most
likely scenario suggests that the 2012 May γ-ray flare may not be directly related to
the radio activity observed over the same period, while the two γ-ray flaring episodes
may be related to the radio activity observed at 15 GHz in 2012 October and 2013
January. The γ-ray flare in 2012 May triggered Swift observations that confirmed that
SBS 0846+513 was also exhibiting high activity in the optical, UV and X-ray bands,
thus providing a firm identification between the γ-ray source and the lower-energy
counterpart. We compared the spectral energy distribution (SED) of the flaring state
in 2012 May with that of a quiescent state. The two SEDs, modelled as an external
Compton component of seed photons from a dust torus, could be fitted by changing the
electron distribution parameters as well as the magnetic field. No significant evidence
of thermal emission from the accretion disc has been observed. Interestingly, in the 5
GHz radio luminosity vs. synchrotron peak frequency plot SBS0846+513 seems to lie
in the flat spectrum radio quasar part of the so-called ‘blazar sequence’.
Key words: galaxies: active – galaxies: nuclei – galaxies: Seyfert – galaxies: individ-
ual: SBS 0846+513 – gamma-rays: general
1 INTRODUCTION
Narrow-line Seyfert 1 (NLSy1) galaxies are an extreme class
of active galactic nuclei (AGNs) with lower black hole (BH)
masses (106–108 M⊙) and higher accretion rates (close to or
⋆ E-mail: dammando@ira.inaf.it
above the Eddington limit) than those observed in quasars.
The strong and variable radio emission, and the flat ra-
dio spectrum suggest the presence of a relativistic jet in
some of them (e.g. Yuan et al. 2008). The detection by the
Large Area Telescope (LAT) on-board the Fermi satellite
of variable γ-ray emission from 5 radio-loud NLSy1 galax-
ies brings to three the classes of AGN detected at γ-ray
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energies (Abdo et al. 2009; D’Ammando et al. 2012a), the
other two being blazars and radio galaxies. The discovery
that NLSy1 host relativistic jets poses intriguing questions
about the nature of these objects, the onset of relativistic
jets, the mechanisms of high-energy emission, and the evo-
lution of radio-loud AGNs.
Considering the fact that radio-loud NLSy1s are usually
hosted in spiral galaxies (e.g. Deo et al. 2006; Zhou et al.
2006) the presence of a relativistic jet seems to challenge
the firm belief that the formation of relativistic jets can
happen only in elliptical galaxies (Bo¨ttcher & Dermer 2002;
Marscher 2010). However, it is worth noting that the NLSy1
Mrk 1239 may be hosted in an early type elliptical/S0 galaxy
(Markarian et al. 1989) and a possible residual of a galaxy
merger was observed in 1H 0323+342 (Anton et al. 2008),
one of the five NLSy1s detected by Fermi-LAT.
One of the key questions is the maximum power released by
the jets of radio-loud NLSy1, and for this reason γ-ray flaring
episodes from these sources have catalyzed a growing inter-
est in the astrophysical community. The first clues came in
2010 July and 2011 June when PMNJ0948+0022 underwent
a high γ-ray flaring activity with daily peak flux integrated
above 100 MeV of ∼1×10−6 ph cm−2 s−1 (Foschini et al.
2011; D’Ammando & Ciprini 2011). Recently, a new γ-
ray flare from this source was detected by Fermi-LAT
(D’Ammando & Orienti 2013). A strong γ-ray flare was ob-
served also from SBS 0846+513 in 2011 June–July, reach-
ing an apparent isotropic γ-ray luminosity of ∼1048 erg s−1,
comparable to that of the bright flat spectrum radio quasars
(FSRQs) (D’Ammando et al. 2012a). This could be an indi-
cation that a few radio-loud NLSy1s are able to host rela-
tivistic jets as powerful as those in blazars, despite the lower
BH masses (e.g. Yuan et al. 2008).
The γ-ray all-sky monitoring by Fermi-LAT provides us
with the opportunity to follow the daily behaviour of these
γ-ray NLSy1s thus enabling us to identify flaring episodes.
A new period of high γ-ray activity from SBS0846+513 was
detected by Fermi-LAT beginning at the end of 2012 April
with two peaks in May and August.
The aims of this paper are to discuss the connection between
the radio and γ-ray activity of SBS 0846+513, to study the
spectral energy distribution (SED) of the source in the qui-
escent and flaring state, and to compare the characteristics
of this NLSy1 with those of the γ-ray blazars. The paper
is organized as follows. In Section 2, we report the LAT
data analysis and results. The results of the Swift observa-
tions are presented in Section 3. Radio data collected by the
Owens Valley Radio Observatory (OVRO) 40-m, Medicina,
and Effelsberg 100-m telescopes are summarised in Section
4. In Section 5, we present the SED modelling of the flaring
activity in 2012 May and the quiescent state in 2011. Fi-
nally, we discuss the radio variability and proper motion of
SBS 0846+513, the connection with the γ-ray emission, and
draw our conclusions about the comparison with the γ-ray
blazars in Section 6.
Throughout the paper, the photon index, Γ, is defined
as dN/dE ∝ E−Γ, and a Λ cold dark matter (ΛCDM) cos-
mology with H0 = 71 km s
−1 Mpc−1, ΩΛ = 0.73, and
Ωm = 0.27 is adopted. The corresponding luminosity dis-
tance at the source redshift z = 0.5835 (Abazajian et al.
2004) is dL = 3.4 Gpc, and 1 milliarcsecond corresponds to
a projected linear size of 6.6 pc.
Figure 1. Integrated flux light curve of SBS 0846+513 in the 0.1–
100 GeV energy range obtained by Fermi-LAT during 2012 April
1 – August 28 (MJD 56018–56167) with 7-day or 1-day (shown
as triangles) time bins. Arrows refer to 2σ upper limits on the
source flux. Upper limits are computed when TS < 10.
2 FERMI-LAT DATA: SELECTION AND
ANALYSIS
The Fermi-LAT is a pair-conversion telescope operating
from 20 MeV to > 300 GeV. It has a large peak effective
area (∼ 8000 cm2 for 1 GeV photons), an energy resolution
of typically ∼10%, and a field of view of about 2.4 sr with
single-photon angular resolution (68% containment radius)
of 0.6◦ at E = 1 GeV on-axis. Further details about the
Fermi-LAT are given in Atwood et al. (2009).
The LAT data reported in this paper were collected
from 2011 December 1 (MJD 55896) to 2013 January 31
(MJD 56323). During this time, the Fermi observatory op-
erated almost entirely in survey mode. The analysis was
performed with the ScienceTools software package version
v9r27p1. The LAT data were extracted within a 10◦ region
of interest centred at the radio location of SBS 0846+513.
Only events belonging to the ‘Source’ class were used. The
time intervals when the rocking angle of the LAT was
greater than 52◦ were rejected. In addition, a cut on the
zenith angle (< 100◦) was applied to reduce contamination
from the Earth limb γ rays, which are produced by cosmic
rays interacting with the upper atmosphere. The spectral
analysis was performed with the instrument response func-
tions P7SOURCE V6 using an unbinned maximum-likelihood
method implemented in the Science tool gtlike. A Galactic
diffuse emission model and isotropic component, which is the
sum of an extragalactic and residual cosmic ray background
were used to model the background1. The normalizations of
both components in the background model were allowed to
vary freely during the spectral fitting.
We evaluated the significance of the γ-ray signal from
1 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/Background
Models.html
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the sources by means of the maximum-likelihood test
statistic TS = 2∆log(likelihood) between models with and
without a point source at the position of SBS 0846+513
(Mattox et al. 1996). The source model used in gtlike in-
cludes all of the point sources from the second Fermi-LAT
catalogue (2FGL; Nolan et al. 2012) that fall within 20◦ of
the source. The spectra of these sources were parametrized
by power-law functions, except for 2FGLJ0920.9+4441 for
which we used a log-parabola as in the 2FGL catalogue.
A first maximum-likelihood analysis was performed to re-
move from the model the sources having TS < 10 and/or
the predicted number of counts based on the fitted model
Npred < 3. A second maximum-likelihood analysis was per-
formed on the updated source model. In the fitting proce-
dure, the normalization factors and the photon indices of
the sources lying within 10◦ of SBS 0846+513 were left as
free parameters. For the sources located between 10◦ and
20◦, we kept the normalization and the photon index fixed
to the values from the 2FGL catalogue.
As already shown in D’Ammando et al. (2012a),
SBS 0846+513 alternates between periods of low and high
γ-ray activity and therefore was not consistently detected in
γ rays during the Fermi mission to date. In particular, sig-
nificant γ-ray activity was observed in 2011 June–July after
a quiescent state extending back at least to the start of the
Fermi mission. Integrating over the period 2011 December
1–2012 March 31 (MJD 55896–56017) the fit yielded a TS =
4. The 2σ upper limit is 1.2×10−8 ph cm−2 s−1 in the 0.1–
100 GeV energy range, assuming a photon index of Γ = 2.3.
On the contrary, the fit with a power-law model to the data
integrated over the period 2012 April 1–August 31 (MJD
56018–56170) in the 0.1–100 GeV energy range results in a
TS = 851, with an integrated average flux of (12.0 ± 0.9)
×10−8 ph cm−2 s−1 and a photon index of Γ = 2.13 ± 0.05.
Finally, over the period 2012 September 1–2013 January 31
(MJD 56171–56323) a TS of only 10 was obtained, with a
2σ upper limit of 2.0×10−8 ph cm−2 s−1 in the 0.1–100 GeV
energy range.
In order to test for curvature in the γ-ray spectrum
of SBS 0846+513 during 2012 April–August time frame we
used a log-parabola (LP), dN/dE ∝ E/E
−α−β log(E/E0)
0
(Landau et al. 1986; Massaro et al. 2004), as an alternative
spectral model to the power law (PL). We obtained a spec-
tral slope α = 1.92 ± 0.11 at the reference energy E0 = 300
MeV, a curvature parameter around the peak β = 0.09 ±
0.04, with a 0.1–100 GeV flux of (11.0 ± 0.8) ×10−8 ph cm−2
s−1 and a TS = 888. We used a likelihood ratio test to check
the PL model (null hypothesis) against the LP model (alter-
native hypothesis). These values may be compared, following
Nolan et al. (2012), by defining the curvature test statistic
TScurve=(TSLP - TSPL)= 37 corresponding to a ∼6σ differ-
ence, indicating a significant curvature in the γ-ray spectrum
of SBS 0846+513 during 2012 April–August. A spectral cur-
vature was also observed during the high activity state in
2011 June (D’Ammando et al. 2012a).
Fig. 1 shows the γ-ray light curve for the period 2012
April 1–August 28 using a log-parabola model and 1-week
time bins. For the highest significance periods we also re-
ported fluxes in 1-day time intervals. For each time bin, the
spectral parameters for SBS 0846+513 and for all the sources
within 10◦ from it were frozen to the value resulting from the
likelihood analysis over the entire period. If TS < 10, 2σ up-
per limits were evaluated. The systematic uncertainty in the
flux measurement is energy dependent: it amounts to 10%
at 100 MeV, decreasing to 5% at 560 MeV, and increasing
to 10% above 10 GeV (Ackermann et al. 2012).
The first emission peak was observed on 2012 May 24
(MJD 56071), with an average flux for that day of (50 ±
12)×10−8 ph cm−2 s−1 in the 0.1–100 GeV energy range,
corresponding to an apparent isotropic γ-ray luminosity of
∼5 ×1047 erg s−1, a factor of 2 lower than the peak value
observed in 2011 June (D’Ammando et al. 2012a). A sec-
ond peak at higher flux with respect to the first one, (73
± 14)×10−8 ph cm−2 s−1 (corresponding to an apparent
isotropic γ-ray luminosity of ∼8 ×1047 erg s−1), was de-
tected on 2012 August 7 (MJD 56146). In both of the flares,
a doubling time scale of 1-2 days was observed. By means
of the gtsrcprob tool we estimated that the highest energy
photon detected from SBS 0846+513 was observed on 2012
August 8 at a distance of 0.08◦ from the source with an en-
ergy of 16.1 GeV. Interestingly, this highest energy photon
was detected at the peak of the 2012 flaring activity.
3 SWIFT DATA: ANALYSIS AND RESULTS
The Swift satellite (Gehrels et al. 2004) performed ten ob-
servations of SBS 0846+513 between 2011 December and
2013 January. The observations were performed with all
three on-board instruments: the X-ray Telescope (XRT;
Burrows et al. 2005, 0.2–10.0 keV), the Ultraviolet/Optical
Telescope (UVOT; Roming et al. 2005, 170–600 nm) and the
Burst Alert Telescope (BAT; Barthelmy et al. 2005, 15–150
keV).
The hard X-ray flux of this source is below the sensitiv-
ity of the BAT instrument for the short exposure of these
observations and therefore the data from this instrument are
not used. Moreover, the source was not present in the Swift
BAT 70-month hard X-ray catalogue (Baumgartner et al.
2013).
The XRT data were processed with standard procedures
(xrtpipeline v0.12.6), filtering, and screening criteria us-
ing the HEAsoft package (v6.12). The data were collected
in photon counting mode for all of the observations. The
source count rate was low (< 0.5 counts s−1); thus pile-
up correction was not required. The data collected during
the four observations performed between 2011 December 20
and 2012 January 3 were summed in order to have enough
statistics to obtain a good spectral fit. Source events were
extracted from a circular region with a radius of 20 pixels
(1 pixel ∼ 2.36”), while background events were extracted
from a circular region with radius of 50 pixels away from
the source region. Ancillary response files were generated
with xrtmkarf, and account for different extraction regions,
vignetting and point-spread function corrections. We used
the spectral redistribution matrices v013 in the Calibra-
tion data base maintained by HEASARC2. Considering the
low number of photons collected (< 200 counts) the spec-
tra were rebinned with a minimum of 1 count per bin and
we used the Cash statistic (Cash 1979). We fitted the spec-
trum with an absorbed power-law using the photoelectric
2 http://heasarc.nasa.gov/
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Table 1. Log and fitting results of Swift/XRT observations of SBS 0846+513 using a power-law model with a HI column density fixed
to the Galactic value in the direction of the source. aObserved flux.
Date Date Net exposure time Net count rate Photon index Flux 0.3–10 keVa
(MJD) (UT) (sec) (×10−2 cps) (Γ) (×10−13 erg cm−2 s−1)
55915-55929 2011-12-20/2012-01-03 6291 1.7 ± 0.2 1.6± 0.2 8.8± 1.3
56075 2012-05-27 1968 2.4 ± 0.3 1.6± 0.3 12.2± 2.7
56085 2012-06-07 2782 1.5 ± 0.2 1.5± 0.3 9.0± 2.1
56230 2012-10-30 4815 0.7 ± 0.1 1.6± 0.4 4.0± 0.8
56261 2012-11-30 4815 0.7 ± 0.1 1.7± 0.4 3.3± 0.6
56291 2012-12-30 4810 0.7 ± 0.1 1.6± 0.4 3.7± 0.9
56322 2013-01-30 4700 1.2 ± 0.2 1.8± 0.3 5.8± 0.7
absorption model tbabs (Wilms et al. 2000), with a neu-
tral hydrogen column density fixed to its Galactic value
(2.9×1020cm−2; Kalberla et al. 2005). The fit results are re-
ported in Table 1. As was seen in previous XRT observa-
tions (see D’Ammando et al. 2012a) the X-ray spectrum of
SBS0846+513 is harder than the other NLSy1s (ΓX > 2,
e.g. Grupe et al. 2010), suggesting a significant contribution
of inverse Compton radiation from a relativistic jet, similar
to for FSRQs. We noted an increase of ∼ 40% in the net
count rate (and flux) observed on 2012 May 27 with respect
to 2011 December–2012 January and up to a factor of ∼3
with respect to 2012 October–December, in agreement with
the increase of the γ-ray activity observed by the Fermi-LAT
on the same days. Unfortunately no simultaneous Swift ob-
servations are available during the 2012 August γ-ray flare.
No significant change of the photon index was observed dur-
ing the entire year 2012.
UVOT data in the v, b, u, w1, m2, and w2 filters were
reduced with the HEAsoft package v6.12 and the 20120606
CALDB-UVOTA release. We extracted the source counts
from a circle with 5 arcsec radius centred on the source
and the background counts from a circle with 10 arcsec ra-
dius in a near, source-free region. As in D’Ammando et al.
(2012a), we calculated the effective wavelengths, count-to-
flux conversion factors, and amount of Galactic extinction
in the UVOT bands by convolving the physical quantities
with a power-law fit to the source flux and with the fil-
ter effective areas. The results are shown in Table 2. The
differences with respect to D’Ammando et al. (2012a) are
due to the new versions of both software and calibration
files, as well as to the re-calibration of dust reddening by
Schlafly & Finkbeiner (2011). For this reason we also re-
analyse the observation performed on 2011 September 15,
already presented in D’Ammando et al. (2012a).
The UVOT photometry is reported in Table 3. We note
a significant increase of more than 2 mag (a factor of ∼10
in flux density) in all of the UVOT filters on 2012 May 27
with respect to the observations performed on 2012 January
3. This high optical/UV activity is followed by a decrease of
∼1 mag (a factor of ∼2.5 in flux density) in 10 days. On Oc-
tober 30 the source returned to a low state, comparable to
the level observed in 2012 January. These large variations in
optical/UV are most likely due to a variation in the jet emis-
sion. In Fig. 2 we display the SEDs from 2012 May and June
as well as the one from 2011 September, which was already
presented in D’Ammando et al. (2012a). Archival Two Mi-
cron All Sky Survey (2MASS) and Sloan Digital Sky Sur-
Table 2. Results of the UVOT calibration procedure: effec-
tive wavelengths λeff , count rate to flux conversion factors CFΛ,
and Galactic extinction calculated from the Cardelli et al. (1989)
laws.
Filter λeff CFΛ AΛ
(A˚) (10−16erg cm−2s−1 A˚−1) (mag)
v 5437 2.60 0.072
b 4374 1.47 0.095
u 3489 1.65 0.110
uvw1 2676 4.40 0.160
uvm2 2270 8.35 0.200
uvw2 2136 5.99 0.190
vey (SDSS) data, collected on 1999 December 23 and 2000
November 23 respectively, are also shown. The comparison
between the SEDs collected during different activity states
confirms a significant increase in the synchrotron emission
on 2012 May 27, soon after the first peak of the γ-ray ac-
tivity, together with a small UV bump. We investigate the
possibility that this is a hint of the contribution of the ac-
cretion disc emission. The signature of the accretion disc
has been observed in FSRQs during both low activity states
(e.g. 3C 454.3; Raiteri et al. 2011) and high activity states
(e.g. PKS1510−089; D’Ammando et al. 2011), but in the
second case that signature was also well detected during the
low state. Therefore, the lack of this feature during the low
state of SBS 0846+513 in 2011 makes it unlikely that we are
detecting accretion disc emission.
4 RADIO DATA: ANALYSIS AND RESULTS
4.1 OVRO
As part of an ongoing blazar monitoring programme, the
OVRO 40-m radio telescope has observed SBS 0846+513
at 15 GHz regularly since the end of 2007 (Richards et al.
2011). This monitoring programme includes about 1700
known and likely γ-ray loud blazars above declination −20◦.
The sources in this program are observed in total intensity
twice a week with a 4 mJy (minimum) and 3% (typical)
uncertainty on flux densities. Observations are performed
with a dual-beam (each 2.5 arcmin FWHM) Dicke-switched
system using cold sky in the off-source beam as the refer-
ence. Additionally, the source is switched between beams
to reduce atmospheric variations. The absolute flux density
c© 0000 RAS, MNRAS 000, 000–000
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Table 3. Results of the Swift/UVOT observations of SBS 0846+513 in magnitudes. Upper limits are calculated when the analysis
provided a significance of detection <3σ.
Date (MJD) Date (UT) v b u w1 m2 w2
55819 2011-09-15 19.18±0.30 19.75±0.19 19.29±0.17 19.47±0.15 19.62±0.15 19.62±0.10
55915 2011-12-20 > 18.81 > 19.89 > 19.57 20.43±0.27 > 19.69 20.14±0.31
55922 2011-12-27 – > 20.11 19.65±0.33 >20.11 19.78±0.21 20.48±0.38
55923 2011-12-28 > 18.88 > 19.84 19.42±0.36 20.14±0.16 > 19.83 20.13±0.29
55929 2012–01-03 – – – – – >20.42
56074 2012-05-27 16.66±0.07 17.34±0.06 16.92±0.06 17.50±0.07 17.44±0.03 17.80±0.06
56085 2012-06-07 17.68±0.12 18.30±0.11 18.01±0.12 18.59±0.13 18.62±0.11 18.92±0.09
56230 2012-10-30 > 19.18 > 20.21 19.85±0.38 19.69±0.26 19.98±0.11 20.36±0.29
56261 2012-11-30 > 18.86 19.78±0.28 >19.81 19.88±0.32 19.56±0.26 20.22±0.16
56291 2012-12-30 19.01±0.27 20.27±0.34 >20.03 20.06±0.13 20.19±0.31 20.45±0.25
56322 2013-01-30 19.30±0.35 >20.32 >19.97 >20.31 20.11±0.29 20.55±0.28
Figure 2. Spectral energy distributions of SBS 0846+513 col-
lected in optical/UV by Swift/UVOT on 2011 September 15
(MJD 55819), 2012 May 27 (MJD 56074), and June 7 (MJD
56085). In addition archival infrared 2MASS and optical SDSS
data, collected on 1999 December 23 and 2000 November 23 re-
spectively, are shown.
scale is calibrated using observations of 3C 286, adopting the
flux density (3.44 Jy) from Baars et al. (1977). This results
in about a 5% absolute scale uncertainty, which is not re-
flected in the plotted errors. SBS 0846+513 was highly vari-
able at 15 GHz during the OVRO 40-m telescope monitoring
(Fig. 3), with a flux density rising from 145 mJy (at MJD
55976) to 384 mJy (at MJD 56044).
4.2 Medicina and Effelsberg 100-m
SBS0846+513 was observed at 8.4 GHz with the Medicina
radio telescope on 2012 June 18 (MJD 56096), August 2
(MJD 56141), and October 4 (MJD 56204). The new En-
hanced Single-dish Control System (ESCS) acquisition sys-
tem, which provides increased sensitivity and supports ob-
servations with the cross scan technique was used. The typ-
ical on-source time was 1.5 minutes and the flux density
was calibrated with respect to 3C286, 3C 48, and NGC7027.
Since the signal-to-noise ratio in each scan across the source
was low (typically ∼ 3), a stacking analysis of the scans
was performed. A slight increase of the 8.4 GHz flux density
from 0.20±0.02 Jy to 0.26±0.02 Jy was observed between
Figure 3. 15 GHz radio light curve of SBS 0846+513 for the
period 2011 December–2013 January from the OVRO 40-m tele-
scope. The two downward arrows indicate the times of the peaks
of the γ-ray flaring episodes.
2012 June and October. The observation on October 4 was
carried out also at 5 GHz and, together with the OVRO
data collected at 15 GHz on October 7, a spectral index of
−0.6±0.2 was estimated between 5 and 15 GHz.
The radio spectra of SBS 0846+513 were also observed
with the Effelsberg 100-m telescope from 2.64 GHz to
32 GHz on 2012 July 1 (MJD 56109), August 5 (MJD
56144), and August 20 (MJD 56159) within the frame-
work of a Fermi-related monitoring programme of γ-ray
blazars (F-GAMMA programme; Fuhrmann et al. 2007;
Angelakis et al. 2010). Further details about observation
mode and data reduction are reported in Fuhrmann et al.
(2008) and Angelakis et al. (2008). The flux density at
32 GHz increased from 0.32±0.03 Jy on 2012 July 1 to
0.41±0.05 Jy on August 20, consistent with the behaviour
observed by OVRO at 15 GHz. In Fig. 4 we compare the
radio spectrum collected by Effelsberg on 2011 April 30
(MJD 55681; already presented in D’Ammando et al. 2012a)
to the spectra collected by Effelsberg on 2012 August 20
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Radio spectra of SBS 0846+513 obtained by Effelsberg
on 2011 April 30 (MJD 55681; open squares), 2012 August 20
(MJD 56159; filled circles), and Medicina and OVRO on 2012
October 4–7 (MJD 56204–56207; filled triangles).
(MJD 56159), and OVRO and Medicina on 2012 October
4–7 (MJD 56204–56207). See the discussion in Section 6.3.
5 SED MODELING
The lack of multi-wavelength data simultaneous with the
2011 June–July γ-ray flare observed by LAT did not al-
low us to investigate the SED of this source during a high
state in D’Ammando et al. (2012a). Thanks to the Swift ob-
servations performed in 2012 May, soon after the new γ-
ray flare, we are now able to characterize the flaring state
of the source and compare it with a quiescent state. In
Fig. 5, we plot the SED during a quiescent state in 2011
from D’Ammando et al. (2012a), and a simultaneous SED
based on the flare in 2012 May. The flaring state includes
the LAT spectrum built with data centred on 2012 May 20
to 29 (MJD 56067–56076), the Swift (UVOT and XRT) data
collected on 2012 May 27 (MJD 56074) and the OVRO 40-
m data closest to the γ-ray peak, collected on 2012 May
17 (MJD 56064). In addition to the quiescent state pre-
sented in D’Ammando et al. (2012a), we modelled the 2012
May flaring state with a combination of synchrotron, syn-
chrotron self-Compton (SSC), and external Compton from
dust torus emission. The description of the model can be
found in Finke et al. (2008) and Dermer et al. (2009) and
jet powers were calculated assuming a two-sided jet. The
modelling results are presented in Fig. 5 and Table 4. For
some FSRQs, it has been found that the fits to the flar-
ing and quiescent states can be made by varying just the
electron distribution, while keeping the other parameters
fixed (e.g. PKS 0537−441, D’Ammando et al. 2013a). Our
first attempts to fit the 2012 flaring state by varying only
the electron distribution parameters failed. We subsequently
adjusted the dust torus parameters, the Lorentz factor, and
the magnetic field in order to reproduce the flaring state.
We then attempted to reproduce the 2011 quiescent state
by varying only the electron distribution parameters from
the flaring state fit. These attempts also failed. Finally, we
found that by varying the magnetic field as well as the
electron distribution parameters we could reasonably model
the quiescent state. It has been suggested that some flares
from FSRQs require a change in the magnetic field strength
(e.g. PKS 0208−512, Chatterjee et al. 2013), and this result
is consistent with that suggestion.
The dust component used in this paper is significantly
fainter than that used for the SED modeling of the quiescent
state in D’Ammando et al. (2012a), but it is compensated
for by the higher Lorentz factor. Both the quiescent and
flaring state models shown in Table 4 are near equipartition
between the electron and the magnetic field energy densities.
We noted a significant shift of the synchrotron peak (νsypk) to
higher frequencies from νsypk ∼2×10
12 Hz during the quies-
cent state to ∼ 2×1013 Hz during the flaring state, similar to
FSRQs (e.g. PKS1510−089, D’Ammando et al. 2011). The
flaring state has higher jet powers in terms of both electrons
and magnetic field. Also, for both the flaring and quiescent
states, a super-exponential cutoff at high energies in the elec-
tron distribution (Ne ∝ γ
′−p2 exp[−(γ/γ2)
4]) was required
so that the observed SEDs could be reasonably reproduced.
If the jet is conical and the emitting region takes up the
entire cross section of the jet, the jet half-opening angle will
be α ≈ R′b/r ≈ 2.7
◦, consistent with the opening angles
measured from VLBI for many blazars (e.g. Jorstad et al.
2005). In Fig. 5, the blue bump from the accretion disc is also
plotted, assuming a conservative value for the BH mass of
108 M⊙ (see the discussion on the BH mass of this source in
D’Ammando et al. 2012a) and a luminosity about 10 times
that of the dust torus. The disc luminosity is radiating at
Ldisk/LEdd ≈ 3 × 10
−3 of the Eddington luminosity, quite
a low value. This value is constrained by the lack of a blue
bump observed from this source in the quiescent state, and
could not, therefore, be significantly higher.
The considered synchrotron component is self-absorbed be-
low ∼1011 Hz. A larger radius of the blob is necessary to
also fit the radio data, but this is not compatible with the
rapid variability observed in γ rays during the flaring state.
An alternative solution is that a small compact region re-
sponsible for the γ-ray flare is nearly co-spatial with the
region producing the radio outburst, as proposed e.g. by
Marscher & Jorstad (2010).
6 DISCUSSION AND CONCLUSIONS
After the spatial association between the γ-ray source
and the counterpart at lower energies presented in
D’Ammando et al. (2012a), the significant increase of activ-
ity detected by Swift and Fermi almost simultaneously in the
optical, UV, X-ray and γ-ray bands in 2012 May (see Fig. 7)
has enabled us to firmly identify the γ-ray source with the
NLSy1 SBS0846+513. The radio-to-γ-ray data collected be-
tween 2011 December and 2013 January allowed us also to
investigate some properties of this source.
6.1 Radio variability and proper motion
Contrary to what was observed in 2011 during the first γ-
ray flaring event of SBS 0846+513 detected by Fermi-LAT
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Table 4. Model parameters for the SED shown in Fig. 5.
Parameter Symbol 2011 Quiescent State 2012 Flaring State
Redshift z 0.5835 0.5835
Bulk Lorentz Factor Γ 40 40
Magnetic Field [G]∗∗ B 0.20 0.25
Variability Time-Scale [s] tv 1×105 1×105
Comoving radius of blob [cm] R′
b
7.6×1016 7.6×1016
Jet Height [cm] r 1.6× 1018 1.6× 1018
Low-Energy Electron Spectral Index p1 2.4 2.4
High-Energy Electron Spectral Index∗∗ p2 3.3 3.0
Minimum Electron Lorentz Factor γ′min 1.3 1.3
Break Electron Lorentz Factor∗∗ γ′brk 3.0× 10
2 6.7× 102
Maximum Electron Lorentz Factor∗∗ γ′max 8.0× 10
3 5.0× 103
Dust Torus luminosity [erg s−1] Ldust 4.4× 10
42 4.4× 1042
Dust Torus temperature [K] Tdust 2.0× 10
3 2.0× 103
Dust Torus radius [cm] Rdust 4.1× 10
18 4.1× 1018
Jet Power in Magnetic Field [erg s−1] Pj,B 2.7× 10
45 4.3× 1045
Jet Power in Electrons [erg s−1] Pj,par 1.7× 10
45 5.5× 1045
∗∗Parameters changed between the quiescent and the flaring state.
Figure 5. Spectral energy distribution data (squares) and model
fit (solid curve) of SBS 0846+513 in flaring activity with the
model components shown as dashed curves. The data points were
collected by OVRO 40-m (2012 May 17), Swift (UVOT and XRT;
2012 May 27), and Fermi-LAT (2012 May 20–29). The SED in the
quiescent state reported in D’Ammando et al. (2012a) is shown
as circles.
(D’Ammando et al. 2012a), three outbursts are clearly seen
in the 15 GHz light curve, between 2012 May and 2013 Jan-
uary (see Figs. 3 and 7). These data indicate a significant
increase of the flux density at 15 GHz starting close in time
to the 2012 May γ-ray flare. In particular, an increase by
a factor of ∼2.5 was observed between 2012 February 19
(MJD 55976) and 2012 May 7 (MJD 56054). The peak flux
density of 384 mJy reached during the outburst is the high-
est value observed at 15 GHz for this source by the OVRO
40-m telescope since 2011 January. Previously, at the end
of 2009, a strong radio flare was detected at 15 GHz, reach-
ing a peak flux density of 517 mJy on 2009 December 9
(see D’Ammando et al. 2012a). Following the procedure de-
scribed in Orienti et al. (2013) the analysis of the 6-epoch
data-set collected by the Monitoring Of Jets in Active galac-
Figure 6. The separation between the core component of
SBS 0846+513 and the knot ejected in 2009 as a function of time.
The solid line represents the regression fit to the 15 GHz VLBA
MOJAVE data, while the dotted lines represent the uncertainties
from the fit parameters. Two dashed vertical lines indicate the
beginning and the peak of the radio flare observed by OVRO 40-
m. The first two epochs results for the knot likely ejected in 2011
are also reported as open circles.
tic nuclei with VLBA Experiments (MOJAVE) programme3
during 2011–2013 indicates that a superluminal jet compo-
nent is moving away from the core with an apparent angu-
lar velocity of (0.27±0.02) mas yr−1, which corresponds to
(9.3±0.6)c (Fig. 6). This velocity estimate is more accurate
than the value derived in D’Ammando et al. (2012b) thanks
3 The MOJAVE data archive is maintained at
http://www.physics.purdue.edu/MOJAVE
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to the larger number of observing epochs available spanning
a longer time interval. The time of zero separation estimated
by means of a linear regression fit is T0 = 2009.646 (2009
August 24). This suggests a strict connection between the
2009 radio flare and the ejection of this component. How-
ever, the uncertainty in the velocity does not allow us to ac-
curately constrain the precise time of zero separation, which
could be between 2009.445 (i.e. 2009 June 11) and 2009.821
(i.e. 2009 October 27) (Fig. 6). Interestingly, no significant
γ-ray activity from SBS0846+513 was detected simultane-
ously to the radio outburst and the ejection of this knot
(see D’Ammando et al. 2012a). This is different from what is
observed in many bright blazars like PKS1510−089, where
γ-ray flares occur close in time with the ejection of superlu-
minal knots and an increase of both the total and polarized
radio flux (see e.g. Marscher et al. 2010, 2012; Orienti et al.
2013). On the contrary, a tentative detection of a new fea-
ture at about 0.25 mas from the core was obtained in the
last two epochs of MOJAVE observations. This new com-
ponent is separating from the core with an angular velocity
of 0.23 mas yr−1, corresponding to an apparent velocity of
7.7c. This gives a time of zero-separation of 2011.70 (2011
September 12). The new feature should have been ejected
close in time with the γ-ray flare in 2011 June–July. The
availability of only two observing epochs, and the large un-
certainties on the blob position do not allow us to confirm
this result so far. If this new component is confirmed by fur-
ther MOJAVE epochs, it will be an indication of a different
relation between the knot ejection and the γ-ray activity for
SBS 0846+513 in 2009 and 2011.
6.2 Radio and γ-ray connection in 2012
The γ-ray activity observed in 2011 and 2012 for
SBS 0846+513 could be related to different flaring episodes.
No significant γ-ray emission was detected during 2011
December–2012 March (see Fig. 7) or during 2011
September–November (D’Ammando et al. 2012a). It is un-
likely that the 2012 May radio flare is related to the 2011
June γ-ray flare previously observed by Fermi-LAT. There-
fore, a different connection between radio and γ-ray emission
is possible for the two high activity periods, as has been ob-
served for some blazars (e.g. PKS1510−089; Orienti et al.
2011, 2013). In the case of the high activity observed in
2012 May, we first consider a common origin for the radio
and γ-ray emission (with the γ-ray and radio peaks labelled
with (a) and (I), respectively, in Fig. 7). The flux increase in
these bands occurs close in time, suggesting that the radio
and γ-ray emission may originate in the same part of the
jet, likely at large distance from the central engine, where
the opacity effects should be less severe. No new superlumi-
nal component has been detected so far that is likely related
to this flare. Further high spatial resolution observations of
the source are necessary to detect a possible new component
ejected at that period. A second radio peak was observed on
2012 October 7 (MJD 56207; labelled with (II) in Fig. 7)
with a similar flux density of that observed in May. This
peak is delayed by ∼2 months with respect to the γ-ray
flare observed on 2012 August 7 (MJD 56146; labelled with
(b) in Fig. 7). This could be an indication that the second
γ-ray flaring activity was produced close to the BH, where
the opacity effects should be more severe, causing a time
delay at radio wavelengths.
The presence of a third radio outburst during 2012
December–2013 January peaking on 2012 December 30
(MJD 56291; labelled with (III) in Fig. 7) suggests an al-
ternative scenario where the first γ-ray flare in 2012 May
is not directly connected with the radio activity observed
by OVRO 40-m in the same period. In this case, the 2012
May and August γ-ray flaring episodes are related to the
radio activity observed at 15 GHz on 2012 October and
2013 January, respectively. In both cases the peak of the
radio emission is delayed with respect to the γ-ray one by
∼4.5 months. This delay may be due to opacity in the core
region of the source at radio frequencies, suggesting that
the γ-ray emission is produced relatively close to the BH
in both the 2012 May and August γ-ray flares. On the
basis of the delay between γ-ray emission and radio emis-
sion at 15 GHz usually observed in blazar-like objects (see
e.g. Pushkarev et al. 2010), this second scenario seems to be
favoured. Taking into account the lack of significant γ-ray
emission from SBS 0846+513 between 2011 December and
2012 April, it is difficult to associate the radio activity ob-
served in 2012 May with a previous γ-ray flare. This further
suggests a complex relation between the radio and γ-ray
emission in this source.
The 15 GHz light curve is highly variable (see Fig. 3).
For this reason we can estimate the variability Doppler fac-
tor on the basis of the radio data collected during an out-
burst in a similar manner to that proposed by Valtaoja et al.
(1999). Given the frequent time sampling during the first
part of the OVRO light curve we can estimate the rise time
(∆t) of the first flaring episode. However, the second and
third outbursts were not well sampled by the observations,
precluding a reliable determination of its variability time-
scale. We consider ∆t as the time interval of the flux density
variation between the maximum and minimum flux density
of a single outburst ∆S. This assumption implies that the
minimum flux density corresponds to a stationary under-
lying component and that the variation is due to a tran-
sient component. On the basis of the causality argument we
can derive the brightness temperature and then the variabil-
ity Doppler factor. Following D’Ammando et al. (2013b) we
compute the variability brightness temperature by means of
TB,var =
2
pik
∆Sd2L
∆t2ν2(1 + z)1+α
, (1)
where k is the Boltzmann constant, ν is the observing fre-
quency, and α is the spectral index. In the case of the first
outburst we have ∆t = 62 d and ∆S = 234 mJy. If in
equation 1 we consider these values and we assume α = 0,
we obtain TB,var = 1.14 × 10
14 K, which is much larger
than the value derived for the Compton catastrophe (see
e.g. Kellermann & Pauliny-Toth 1969). Assuming that such
a high value is due to Doppler boosting, we can estimate the
variability Doppler factor δvar, by means of
δvar =
(
TB,var
TB,int
)1/(3+α)
, (2)
where TB,int is the intrinsic brightness temperature. We as-
sume a typical value for the intrinsic brightness temper-
ature of 1011 K (see e.g. La¨hteenma¨ki & Valtaoja 1999),
close to the “equipartition” value of 5×1010 K suggested by
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Figure 7.Multifrequency light curve for SBS 0846+513. The period covered is 2011 December–2013 January. The data sets were collected
(from top to bottom) by Fermi-LAT (γ rays, 0.1–100 GeV; in units of 10−7 ph cm−2 s−1), Swift-XRT (0.3–10 keV; in units of 10−13
erg cm−2 s−1), Swift-UVOT (w2 and u bands; in units of µJy), and OVRO (15 GHz; in units of mJy). Arrows refer to 3σ upper limits
on the source flux densities for the w2 and u bands, and to 2σ upper limits on the source fluxes for the γ-ray light curve. During 2011
December–2012 April and 2012 September–2013 January upper limits of 1.2×10−8 and 2.0×10−8 ph cm−2 s−1 are shown as dashed
lines in the γ-ray light curve. The γ-ray and radio peaks are labelled with (a) and (b), and (I), (II), and (III), respectively.
Readhead (1994). Considering TB,int= 10
11 K in equation 2
we obtain δvar = 11 for SBS 0846+513, which is in agree-
ment with the variability Doppler factor derived for blazars
(see e.g. Hovatta et al. 2009). Note that the radio emission
used to derive the δvar and the optical through γ-ray SED
may originate from different regions of the jet which could
have different Doppler factors.
6.3 Comparison with γ-ray blazars
The simultaneous spectrum of SBS0846+513 collected by
Effelsberg during quiescent state in 2011 April showed a flat
spectrum (αr ∼ 0) up to 32 GHz. After the γ-ray flaring
activity occurred in 2012 May and August, significant radio
spectral variability was observed (Fig. 4), with the spectrum
turning out to be inverted (αr ∼ −0.6). This is a typical
blazar-like behaviour, which has already been seen in other
γ-ray emitting NLSy1s (see e.g. Angelakis et al. 2013). We
also found that the SED of SBS 0846+513 in both the flar-
ing and quiescent states is rather typical for a FSRQ, with a
Compton dominance (i.e. the ratio between the luminosity
of the high and low-energy peak) of ∼5 as well as an X-ray
spectrum with a photon index ΓX = 1.5–1.6, in agreement
with what was pointed out in D’Ammando et al. (2012a).
The high-energy part of the source spectrum can be mod-
elled by an external Compton component of seed photons
from a dust torus, similar to FSRQs. Unlike some FSRQs
(e.g. PKS 0537−441; D’Ammando et al. 2013a), the SEDs
of the flaring and quiescent state cannot be modelled by
changing only the electron distribution; a change of the mag-
netic field strength is also required. Although the fits are not
unique, this is consistent with the modeling of different ac-
tivity states of PKS 0208−512, where a change in magnetic
filed also seemed to be required (Chatterjee et al. 2013). A
significant shift of the synchrotron peak to higher frequen-
cies was observed during the 2012 May flaring episode, simi-
lar to FSRQs (e.g. PKS1510−089; D’Ammando et al. 2011).
During the γ-ray flaring episodes in 2011–2012
SBS0846+513 reached an apparent isotropic γ-ray luminos-
ity of 5×1047– 1048 erg s−1, comparable to those of the
bright FSRQs. Recently, a correlation between Compton
dominance (AC) and synchrotron peak frequency in blazars
was found by Finke (2013). Considering νsypk∼2×10
12 Hz and
∼2×1013 Hz (see Fig. 5) for the quiescent and flaring activity
state of SBS 0846+513, respectively, the source seems to lie
in the AC vs ν
sy
pk plot in the region occupied by the FSRQs
(see Fig. 8; adapted from Finke 2013). This suggests that ex-
ternal Compton scattering is the dominant mechanism for
producing high-energy emission in SBS0846+513. From the
observation performed by the Effelsberg telescope on 2012
c© 0000 RAS, MNRAS 000, 000–000
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Figure 8. Compton dominance vs. peak synchrotron frequency.
Filled circles represent FSRQs, empty circles represent BL Lac
objects, and filled squares represent AGN of uncertain type.
SBS 0846+513 is plotted as diamonds.
Figure 9. Radio luminosity at 5 GHz vs. peak synchrotron lumi-
nosity. Filled circles represent FSRQs, empty circles represent BL
Lac objects, and filled squares represent AGN of uncertain type.
SBS 0846+513 is plotted as diamonds.
July we derived a 5 GHz radio luminosity L5GHz ∼8×10
42
erg s−1. Considering the νsypk estimated during the flaring
state, SBS 0846+513 occupies the transition region between
FSRQs and BL Lac objects in the L5GHz vs ν
sy
pk plot, origi-
nally proposed by Fossati et al. (1998) in the context of the
blazar sequence, and then applied by Finke (2013) to all
blazars detected during the first two years of Fermi opera-
tion (Fig. 9). It is interesting to note that considering the νsypk
estimated during the low state, SBS 0846+513 seems to lie
slightly outside the blazar sequence. However, we point out
that the determination of the νsypk depends on the amount of
data available across the electromagnetic spectrum and the
SED modeling, implying uncertainties on νsypk.
The main difference with the powerful FSRQs seems to
be the lack of clear evidence for the accretion disc emission,
usually detectable at least during the low state. However, it
is worth mentioning that the accretion disc emission is not
visible in all FSRQs (see e.g. D’Elia et al. 2003) and γ-ray
emitting NLSy1 (e.g. PKS2004−447, Abdo et al. 2009).
Five radio-loud NLSy1s have been detected by the
Fermi-LAT (Abdo et al. 2009; D’Ammando et al. 2012a),
stimulating interest in this class of AGN and in their de-
tection in γ rays. Until now however, none of the new can-
didate γ-ray emitting NLSy1s were detected with high sig-
nificance (see e.g. D’Ammando et al. 2013c; Foschini 2013).
SBS 0846+513 was detected only when it entered a high ac-
tivity state, having not been detected during the first two
years of Fermi operation. This suggests that the flux vari-
ability is a key consideration when searching for NLSy1s in
γ rays. However, the discoveries of NLSy1s did not always
occur during high γ-ray activity states (e.g. PKS 1502+036
and PKS2004−447; Abdo et al. 2009; D’Ammando et al.
2013b). Investigating the radio properties of the first sam-
ple of 23 radio-loud NLSy1 presented by Yuan et al. (2008)
we note that the object with the highest radio-loudness,
B3 1044+476, has not been detected in γ rays by Fermi-
LAT. This indicates that the radio-loudness could be a use-
ful proxy for the jet production efficiency, but not necessar-
ily for selecting the best candidates for γ-ray detection with
LAT. In the same way, an apparent brightness temperature
of ∼ 1013 K, comparable to that of SBS 0846+513, was ob-
served for TXS1546+353. Such a high brightness temper-
ature could be an indication of Doppler boosted emission
from a relativistic jet orientated close to our line-of-sight,
but from which no γ-ray emission has been detected to date.
The multi-frequency observations presented here give
new clues on the astrophysical mechanisms at work in
SBS0846+513, though leaving open questions on the nature
of this source. Further multi-wavelength monitoring cam-
paigns are needed to achieve a complete understanding of
the physical processes occurring in this source and the oth-
ers detected in γ rays by Fermi-LAT.
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